Many studies have found associations between particulate matter having an aerodynamic diameter of ≤2.5 μm (PM 2.5 ) and adult mortality. Comparatively few studies evaluated particles and infant mortality, although infants and children are particularly vulnerable to pollution. Moreover, existing studies mostly focused on short-term exposure to larger particles. We investigated PM 2.5 exposure during pregnancy and lifetime and postneonatal infant mortality. The study included 465,682 births with 385 deaths in Massachusetts (2001Massachusetts ( -2007. Exposures were estimated from PM 2.5 -prediction models based on satellite imagery. We applied extended Cox proportional hazards modeling with time-dependent covariates to total, respiratory, and sudden infant death syndrome mortality. Exposure was calculated from birth to death (or end of eligibility for outcome, at age 1 year) and pregnancy (gestation and each trimester). Models adjusted for sex, birth weight, gestational length, season of birth, temperature, relative humidity, and maternal characteristics. Hazard ratios for total, respiratory, and sudden infant death syndrome mortality per-interquartile-range increase (1.3 μg/m 3 ) in lifetime PM 2.5 exposure were 2.66 (95% confidence interval (CI): 2.11, 3.36), 3.14 (95% CI: 2.39, 4.13), and 2.50 (95% CI: 1.56, 4.00), respectively. We did not observe a statistically significant relationship between gestational exposure and mortality. Our findings provide supportive evidence that lifetime exposure to PM 2.5 increases risk of infant mortality.
Numerous studies examining mortality associations of fine particulate matter (having an aerodynamic diameter ≤2.5 μm (PM 2.5 )) have focused on the general population, adults or elderly (1) (2) (3) (4) . Most studies on short-and long-term PM 2.5 exposure indicate positive associations with risk of mortality (5) (6) (7) (8) (9) (10) . Infants are more susceptible to PM 2.5 exposure than are adults due to physiologic characteristics such as immature lungs and immune systems (11) . However, comparatively few studies have evaluated contributions of particulate matter (PM) to infant mortality (11) (12) (13) . To date, findings on PM showed higher risk of neonatal or postneonatal mortality with different particle sizes, including total suspended particles or PM with aerodynamic diameter ≤10 μm (PM 10 ), of 2.5-10 μm, or ≤2.5 μm (12, (14) (15) (16) (17) (18) (19) (20) (21) (22) . PM 2.5 appears more harmful than larger particles, which may relate to different chemical composition, deeper penetration into the lungs, and higher particle deposition in the alveolar region (23) . However, these existing studies on infants mostly focused on short-term exposure to larger particles, although a few of the recent studies evaluated long-term PM 2.5 exposure and infant mortality. Thus, further research on the mortality associations of smaller particles in infants is needed.
Traditionally, air pollution studies have estimated exposure using data from monitors operated by governmental agencies such as the US Environmental Protection Agency. These regulatory monitors have contributed enormously to epidemiologic studies by providing cost-effective data, especially for densely populated urban areas. However, they have limited spatial and temporal coverage. Monitor-based estimates may introduce exposure error for persons living far from monitors due to the spatial heterogeneity of air pollutants relating to topography and local sources. Better coverage of areas not covered by monitors is needed, because rural populations may differ from those in urban regions, and the increased coverage raises statistical power. Temporal coverage is limited as well; measurement of particulate matter often occurs every 3-6 days in the United States. Thus, alternative exposure approaches are needed.
Risk of infant mortality may differ by characteristics such as socioeconomic status (SES), demographic factors, and environmental conditions (24) . Maternal characteristics such as race/ethnicity, age, or education may contribute to disparities in risk of infant mortality. Several US studies observed differences in infant mortality by race and other maternal characteristics (25, 26) . An Ethiopian study reported that infants of teenage mothers, infants of mothers with low education, and lack of newborn care were associated with higher infant mortality (27) . However, findings for some potential risk factors, such as maternal educational level, are inconsistent. Some studies suggest higher risk of infant mortality for mothers with no education or less-educated mothers, whereas others reported no or higher association for mothers with higher education (28) (29) (30) . PM 2.5 associations can differ by SES and demographic factors. Previous studies reported that characteristics such as mother's age, race, and educational level modify associations between PM 2.5 and health outcomes such as preterm birth and low birth weight (31, 32) . These disparities may differ by cause of death or population. Thus, more studies considering potential confounding or effect modification and specific causes of mortality are needed.
We investigated long-term exposure to PM 2.5 and postneonatal infant mortality. "Long-term" exposure has been used to define exposure ranging from a few months to years (18, 19) . Here we use "long-term" exposure to refer to the infant's lifetime, whole gestation, and each trimester. We used modeled satellite-based PM 2.5 estimates during pregnancy and lifetime and evaluated effect modification by individual and maternal characteristics.
METHODS

Data
We obtained linked birth and death records for infants born in Massachusetts (2001 Massachusetts ( -2007 from the Division of Research and Epidemiology at the Massachusetts Executive Office of Health and Human Services (http://www.mass.gov/eohhs/). Birth data included mother's residential address at birth and parity; infant's sex, birth weight, gestational age, birth order, and date of birth; and the parents' age, race/ethnicity, educational level, and marital status. Mortality data included date, age, and cause of death. We excluded subjects with incomplete data for infant's sex, gestational length, birth weight, or maternal characteristics (e.g., age or educational level). We restricted participants to singleton births with 37-44 weeks of gestation. Analysis was limited to infants who died in the postneonatal period (≥28 days after birth) because death before the postneonatal period tended to occur from pregnancy complications (18) . After exclusions, 465,682 births were included. We considered total mortality (all causes of death except external causes (International Classification of Diseases, Tenth Revision (ICD10) code A00-R99)), respiratory causes (ICD10 code J00-J99), and sudden infant death syndrome (SIDS; ICD10 code R95). External causes include intentional self-harm (i.e., suicide) and other unnatural causes (e.g., accidents (unintentional injuries), assault (homicide), events of undetermined intent, war, legal intervention, and surgical complications).
We estimated PM 2.5 for 2000-2007 using prediction models based on daily calibration approaches of satellite aerosol optical depth (AOD) through mixed effects modeling and a spatial clustering method (33) . Satellite AOD data were obtained from the Moderate Resolution Imaging Spectroradiometer data (Collection 5; Level 2 aerosol product) from Terra and Aqua, satellites in the Earth Observing System of the National Aeronautics and Space Administration , (33) . Moderate Resolution Imaging Spectroradiometer AOD data have relatively fine spatial and temporal resolutions (10 × 10 km 2 -grid, every 1-2 days). Because AOD is retrieved in cloud-free conditions, this causes missing AOD and thus PM 2.5 estimates. To estimate missing daily PM 2.5 data, we used a spatial clustering method, which identified groups (i.e., clusters) of days showing similar spatial PM 2.5 patterns and the relationships between AODderived PM 2.5 and regional PM 2.5 in each cluster (33) (34) (35) . Our previous work confirmed that our prediction models using satellite-derived AOD data provide reliable PM 2.5 estimates (33) .
We assigned exposure for each subject as the PM 2.5 estimates for the grid cell of the subject's residential location ( Figure 1 ). We considered long-term exposures for: 1) lifetime exposure from birth to death or end of eligibility for outcome (1 year of age), 2) gestational exposure from conception to birth, and 3) exposure for each trimester (1-13 weeks, 14-26 weeks, and 27 weeks to birth).
Daily temperature and relative humidity data were obtained from the US Environmental Protection Agency. We used daily measurements from monitors nearest each subject's residence, including monitors outside Massachusetts, within 40 km of Massachusetts's boundary. We adjusted for temperature and relative humidity as linear variables.
Statistical analysis
We applied an extended Cox proportional hazards model with time-dependent covariates. This model assumes that the effect of a time-dependent variable X i (t) on the hazard at time t depends on values of this variable at time t, not at an earlier or later time. This approach allowed us to examine the associations relative to other subjects for the same follow-up interval. This is similar to the matching used in other studies to compare air pollution levels between deceased and surviving subjects until time of death (18) . We analyzed separate models for cause of death (total, respiratory, and SIDS) and exposure period (lifetime, whole gestation, and each trimester). For each cause of death and exposure period, we fitted a timedependent Cox proportional hazards model:
where h 0 (t) is the unspecified baseline hazard function, X i is the vector of time-independent variables (sex; birth weight; length of gestation; mother's age, educational level, race/ethnicity, and marital status; parity; and season of birth) for subject i, X i (t) is the vector of the time-dependent variable (PM 2.5 ), and β j (j = 1, 2) are vectors of model parameters. Potential covariates were selected based on previous literature as well as current scientific understanding of the relationship and data availability. We categorized birth weight (low birth weight: <2,500 g; normal birth weight: ≥2,500 g), length of gestation (in weeks: 37-38, 39-40, 41-42), mother's age (in years: <20, 20-24, 25-29, 30-34, 35-39, >39), mother's educational level (in years: ≤12, 13-16, ≥17), race/ethnicity (white, black, other), parity (1, 2, ≥3), and marital status (married, unmarried). To evaluate effect modification by individual and maternal characteristics, we fitted separate models for each potential effect modifier and tested the differences in hazard ratios by group (e.g., male vs. female, low birth weight vs. normal birth weight). All analyses were conducted with SAS, version 9.4 (SAS Institute, Inc., Cary, North Carolina). Tables 1 and 2 summarize the study population and pollutant exposures. Of the 465,682 births, there were 385 deaths. Characteristics of total eligible births were similar to those of subjects who died except season of birth. Infants who died were more likely to have a mother who was younger, less educated, and unmarried. Gestational PM 2.5 concentrations were similar among infants who died and total eligible births. PM 2.5 exposures across different time periods were not highly correlated with each other except for whole gestation and first and third trimesters (Web Table 1 ).
RESULTS
We examined the relationship between infant mortality and covariates, omitting PM 2.5 from the model as preliminary analysis (Table 3) . Total infant mortality was associated with male infant sex, low birth weight, shorter gestation, non-firsttime mothers, or mothers who were younger, older, black, less educated, or unmarried. Table 4 shows hazard ratios for total and cause-specific infant mortality. We stratified analysis by cause of death and exposure period. Hazard ratios for infant mortality from total, respiratory, and SIDS per-interquartile-range (1.3 μg/m 3 ) increase in PM 2.5 exposure during the lifetime was 2.66 (95% confidence interval: 2.11, 3.36), 3.14 (95% confidence interval: 2.39, 4.13), and 2.50 (95% confidence interval: 1.56, 4.00), respectively. For gestational exposure, we did not observe statistically significant relationships between PM 2.5 and any cause of infant mortality.
Community-level confounders may correlate with PM 2.5 exposure. Additional analyses considered spatial clustering using a frailty model and community-level covariates. For lifetime exposure, for which we observed significant associations, first we used a frailty model in which cluster effects are incorporated into the model as independent and identically distributed random variables to account for the within-cluster correlation. Second, we fitted separate models for each of 5 community-level variables. We used community-level variables for educational level (percentage of those aged ≥25 years with high school degree or equivalent, percentage of those aged ≥25 years with a bachelor's degree or higher), income (median household income, percentage of the population in poverty), and urbanization (percentage of the population living in an urban setting) for each census tract from 2010 American Community Survey 5-year Estimate (https://factfinder.census.gov/faces/nav/jsf/pages/ index.xhtml) and 2010 US Census data SF1.P2 (36) . The hazard ratios for both analyses (using a frailty model, after adjustment by community-level variables) did not vary greatly from the original analysis (Web Tables 2 and 3) .
We also explored whether the results were sensitive to outliers for PM 2.5 exposure. Web Table 4 shows the distribution of daily estimated PM 2.5 concentrations, and Web Table 5 shows the hazard ratios for total infant mortality for an interquartilerange (1.3 μg/m 3 ) increase in lifetime exposure to PM 2.5 with and without outliers. Hazard ratios for sensitivity analyses excluding outliers (1: lowest 1% and highest 1% excluded; 2: lowest 5% and highest 5% excluded) did not vary greatly from the original analysis.
We conducted sensitivity analyses to confirm our covariate selection. We added each covariate to the model one at a time and compared hazard ratios for each model (Web Table 6 ). Hazard ratios for various covariate models were robust, and all hazard ratios were statistically significant. Further, the effect estimates for each covariate were statistically significant, and thus retained in the final model, which matched our original model.
For exposure timeframes for which we observed significant associations, we investigated whether associations differed by individual and maternal characteristics (sex, low birth weight, mother's age, or mother's educational level), and did not identify statistically different effect estimates (P > 0.05) ( Table 5 ). Hazard ratios for total infant mortality were higher among female infants, low-birth weight infants, infants born from older mothers, and infants from less-educated mothers. Hazard ratios for respiratory infant mortality were higher among female infants, lowbirth weight infants, infants born from older mothers, and infants from less-educated mothers (Web Table 7 ). For some groups-as in the case of low birth weight, mother's age, and educational level for SIDS-we could not calculate effect estimates due to small sample size. Stratified analysis by characteristics was based on systematic exclusion criteria that were met for a sample size requirement (>10 deaths).
DISCUSSION
We estimated lifetime, gestational, and trimester effects of PM 2.5 exposure on infant mortality using a novel exposure approach based on satellite imagery models. We found statistically significant associations between lifetime PM 2.5 exposure and infant mortality from total, respiratory, and SIDS. We found suggestive evidence that some individual and maternal characteristics-such as birth weight, mother's age, and maternal education-might affect these associations.
Previous studies have suggested higher air-pollution associations for infants compared with adults (16) . Infants and children have been identified as susceptible populations for air pollution (11, 12, 37) . Different physiologic characteristics of infants and children compared with adults, such as immature lungs and immune systems, may be associated with higher health risks (12, 13). Higher ventilation rate, higher doses of different compositions of the exposure mixture at the alveolar level, and different patterns of breathing (i.e., typically mouth-breathing) in infants and children might increase the risk of mortality. Damage during the critical period of lung development in early life by pollutants might have lasting impact (38) . Thus, early lifetime exposure to PM might increase the susceptibility to future health outcomes such as infant mortality. Particulate pollution has also been associated with risk of adverse birth outcomessuch as preterm birth, low birth weight, and intrauterine growth retardation-which could be an important risk factor for infant mortality (39) . Previous studies have suggested biologically plausible mechanisms linking PM exposure during pregnancy to adverse birth outcomes; PM may affect oxidative stress, leading to deoxyribonucleic acid damage, pulmonary and placental inflammation, blood coagulation, endothelial function, and hemodynamic responses such as changes in systolic and diastolic blood pressure (40) . Our effect estimate of lifetime PM 2.5 exposure was higher for respiratory mortality than for total or SIDS mortality. This finding is broadly consistent with several previous studies (15) (16) (17) (18) 41) , although some previous findings are based on short-term PM exposure of a day or few days. Most studies consistently found higher risk from particulate matter for respiratory infant mortality than for total or SIDS mortality (18, 19, 41) . However, for SIDS, inconsistent findings were observed in earlier work. Most previous studies of PM and SIDS have been focused on short-term exposures (e.g., a few days) to larger particles such as PM 10 , although a few studies evaluated long-term PM 2.5 exposure and SIDS. In one study, investigators found statistically significant associations between PM 10 exposure during the first 2 months of life and SIDS (17) . In another study, visibility was used as a measure of particulate air pollution, finding a significant association between visibility on the day of death and SIDS (42) . However, other studies on short-or long-term exposure to PM found no relationship (12, (18) (19) (20) . Yorifuji et al. (22) evaluated the association between short-term PM 2.5 exposure and SIDS in Japan and found a positive association; however, the association was not statistically significant. Different study populations, methodologies, and control for potential confounders could contribute to inconsistent findings among studies. Because SIDS is one of the most common causes of postneonatal mortality, more research is needed to clarify the possible relationship between PM and SIDS.
Socioeconomic, individual, and maternal characteristics may relate to susceptibility and explain disparities in risk for the association between PM and birth outcomes (e.g., preterm birth, low birth weight) and infant mortality (24, (43) (44) (45) . We found that some factors, such as maternal age, may affect the associations. In many studies, factors such as maternal age and educational level, race/ethnicity of infant and mother, and maternal behaviors have been reported to function as effect modifiers of the association between air pollution and infant mortality. Infants of younger or older mothers, less-educated mothers, or mothers with less access to prenatal care have been reported to have a higher risk of death (27, 46, 47) . A study in Mexico suggested that infants with area-based lower SES (based on education, income, and housing conditions) had higher risk of death in relation to PM 10 (43) . Another study suggested effect modification of the PM-infant death association by SES, based on residential socioeconomic index. Infants from lower SES had higher risk of respiratory-related deaths in relation to PM 10 (45) . Susceptibilities by SES and maternal risk factors may differ according to cause of death. Further investigation is needed to examine potential confounding and effect modification on the associations.
The effects of PM on mortality may vary with several factors, such as the critical time frame of exposure, cause of a Lifetime exposure represents exposure from birth to death (or end of eligibility for outcome, at 1 year of age).
mortality, and chemical structure of the particulate mixture. The exposure time frames considered in the present study are gestation, each trimester, and lifetime exposure from birth to death. We did not find associations between exposure during pregnancy and mortality, although we observed an association between lifetime exposure and all mortality causes we investigated. Previous studies suggest that prenatal exposure to PM can increase the risk of adverse outcomes such as preterm delivery and growth retardation, and this could influence the risk of infant mortality (13, 39) . Although many studies suggest that PM exposure during pregnancy is associated with birth outcomes, there are few studies investigating infant mortality with gestational exposure. Our previous work in Korea observed statistically significant relationships between gestational exposures to total suspended particles, PM 10 , and PM 2.5 and infant mortality from all causes or respiratory causes for normal-birth weight infants (20) . On the other hand, another study suggested that early life is a more susceptible time period for PM 2.5 risk of infant mortality and found a relationship between PM 2.5 exposure during first 2 months of life and respiratory-related postneonatal mortality (18) . Another US study found a relationship between lifetime PM 10 exposure and respiratory postneonatal mortality (19) . Inconsistent findings may relate to differences by region or to characteristics and distribution of study population. In addition, the harmfulness of PM depends on its chemical composition. Previous studies on the adverse associations of PM 2.5 showed regional variation and different toxicity in relation to different types of PM composition (7, 48) . Thus, further research is needed to consider more information about the relevant exposure time frame and potential effect modifiers. This study has several limitations. First, there may be exposure misclassification resulting from the use of residential address at birth for each subject to assign the exposure. We could not consider residential mobility during pregnancy or the first year of life due to data availability. A previous study in this study area compared effect estimates of PM 10 on fetal growth and gestational length, with and without accounting for residential mobility (49) . They reported a negligible influence on overall effect estimates. However, further study is needed with consideration of residential history in order to reflect an accurate assessment of exposure. Second, this study considered several factors such as individual characteristics (e.g., sex, body weight) and maternal characteristics (e.g., maternal age, educational level) based on previous literature review. However, there remain uncontrolled potential confounding variables, such as maternal smoking, passive smoking, and prenatal care. For example, previous studies have indicated that maternal smoking is associated with a higher risk of infant mortality (50, 51) . Although we could not control for all possible confounding factors, these factors may correlate with some other variables, such as maternal age and education, that were included in our models. Thus, unobserved potential confounders in this study may be partially adjusted for and thus be less influential on the effect estimates. Third, we did not adjust for other pollutants such as nitrogen dioxide (NO 2 ) or ozone (O 3 ) because we did not have data with comparably high spatial and temporal resolution. Future analysis could consider high spatiotemporal resolution of exposure data for other pollutants. Last, our findings are based on a relatively small numbers of deaths. In addition, limited or missing information on potential confounding factors (i.e., residual confounding), bias, and influential data points may be possible explanations for relatively large hazard ratios in our study. The hazard ratios may change over time, and period-specific hazard ratios have builtin selection bias. However, we performed sensitivity analyses to confirm that no overly influential points were responsible for our results. The hazard ratios for the sensitivity analyses excluding outliers did not vary greatly from the original analyses. Although we found statistically significant associations between lifetime exposure to PM 2.5 and infant mortality, we were not able to fully evaluate our findings due to the small number of deaths. Thus, further analysis is needed to consider a larger population and/or longer time period to confirm the associations observed in this study.
Strengths of our study include a satellite-based, modeled PM 2.5 exposure estimate, which has higher spatial and temporal coverage (10 × 10 km 2 -grid, every 1-2 days) than monitoring data that have been commonly used in previous studies. Monitor data have limitations, such as the representativeness of monitor locations and lack of temporal coverage (e.g., commonly measurement every 3-6 days). The daily-level exposure estimates based on the satellite model enabled us to include study participants in areas with few monitors (e.g., rural areas). In addition, although most previous studies on infant mortality and particulate matter used a time-series or case-crossover approach, our study focused on long-term exposure and applied a survival analysis with time-dependent covariates including all the subjects (deceased and alive). This approach b The model included the following variables: sex, birth weight, length of gestation, mother's age, mother's educational level, race/ethnicity, marital status, parity, season of birth, temperature, and relative humidity.
c Lifetime exposure was exposure from birth to death (or end of eligibility for outcome, at 1 year of age). Abbreviations: CI, confidence interval; HR, hazard ratio. a Among the 465,682 infants included in this analysis, there were 385 total deaths. b There were no statistically significant differences between groups (P > 0.05). c The model included the following variables: sex, birth weight, length of gestation, mother's age, mother's educational level, race/ethnicity, marital status, parity, season of birth, temperature, and relative humidity.
could assess the individual risk factors and increases the statistical power.
In conclusion, our findings provide supporting evidence that lifetime exposure to PM 2.5 increases the risk of infant mortality from all causes, respiratory causes, and SIDS in Massachusetts. Results also suggested that some individual and maternal risk factors are involved in the association.
